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utility and range of applicability of the numerical Lvstlods for thu case of
isothernal flow. Eddy viscosity mjdels and boundary tondition specification
have received the grearcst eraphasis in a series of systema•tic test of prediction
against m~periment, The numeri.al methods are currently being expanded to
include propane Cs well as meLhane oxidation kinetics. Evaluation of the numaric 1

codes for th• case of hot, reacting flow will be the emphasis of the continuation
year. Preheat capability har been added to the experimental dirension of the
study. In additicn, extensive evaluation of chemical transformation of nitrogen
oxides while sampling combustion products is in progiess.
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Preface

This second Interim Scientific Report covers the
twelve (12) month reporting period, 1 May 1976 to 29
February 1976. The first ten months of the research
program were structured to accommodate (1) modification
and testing of the experimental system, (2) modification
of the numerical methods to the geometry of the opposed
r-acting combustor, (3) expansion of the numerical
methods to include multicomponent reacting flow and,
(4) initiation of the cold flow numerical and experi-
mental studies. The turrent reporting period covers the
subsequent twelve (12) month period and includes (1)
the test of the numerical metbods against experiment
for the case of isothermal flow, (2) expansion of the
numerical methods to include propane oxidation kinetics
in addition to methane oxidation kinetics, (3) expansion
of the experimental facility to include air preheat capa-
bility, (4) generation of a broad, experimental data base
for the cases of isothermal and hot flow, and (5) an
in depth exploration of chemical transformations that may
occur in probes and lines used to sample and transport
nitrogen oxides.

The progress of the second reporting period is present-
ed and accompanied by a description of the progress
anticipated for the continuation year.

I.

I:-



1. INTRlODUCTION1

An important category of conbustion is designated

continuous combustion because of a characteristic feature

of uninterrupted, chemically reacting backmixed flow. The

backmixing serves as a mechanism for flame stabilization.

Partially or completely reacted species are bazkmixed with

incoming fresh reactants to provide the energy necessary to

suetain the reaction. Power systems that operate on the

principle of continuous combustion include fas tur-,iae

engines and dump combustors. As shjwn by ,a- ,V

representation of a gas turbine combustor in Figu.'n 1,

backmixing of s-active species can be generated down stream

of the expao4on ,,ep (zone 3) and at the axis due to swirl

Imparted co -i entering flow (zone A)'.

I.. The Need for Predicti$e Methods

Engineering dee[*n of continuous combustion devices has

&s.di~ionally focuse, oz;, -.-- rall thermodynamic efficiency,

heat transfer r acd -)over production. Present operating

constraints (e.g. exhaust composition and fuel economy) have

prompted a more detailed study of the processes occurring within

the combustion zone. The more detailed studies can be greatly

facilitated by the application of predictive methods to evaluate

combustion behavior, and the refined insight provided by point-

by-point predictiong of concentration, temperature and velocity

can be especially valuable. The developmcnt of combustion

modeling capabilities is also economically advantageous in

4
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that accurate predictions of combustion performance would

reduce the need for costly experimental development programs.

The General Problem in fodeling Turbulent Fews. The

combustion processes occurring in continuous systems represent

a complex interaction of chemical kinetics, heat transfer,

mass diffusion and fluid mechanics. The detailed analyses of

combustion-chamber flows generally incorporate mahematical

sub-models of the chemical and turbulent transport processes

in a suitable numerical framework for solving the governing

conservation equations. Stemming from the lack of a detailed

knowledge to turbulcnce-combustion interaction, a primary

problem in medeling any practical combustion system is to

adequately account for the influence of turfulent fluid motions

on the heat and mass transfer and on the chemical reaction rates.

The Additional Problem in Continuous Combustion. A

characteristic feature of practical continuous combustion systems

is a zone of recirculating flow or backnixing. The zone serves

as a mechanism for flame stabilization. Partially or completely

reacted species are backmixed with incoming fresh reactants,

providing the energy necessary to sustain tha reaction. As

a result, the zone of recirculation is a major factor in deter-

mining the overall features of the combustion flowfield and

must be carefully considered in the application of modeling

methods. To account properly for the zone of recirculation

requires solution of the appropriate elliptic partial differ-

'ntial equations rather than the less cumbersome, more exten-

sively investigated parabolic equations applicable when addressing

only boundary layer type flows.

2
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1.2 The Heed for Experimental bats

Experimental data ar- required to (1) evaluate and

develop the utility and range of applicability of the pre-

dictive methods, and (2) to explore pollutant and plume for-

mation in continuous combustion both prior and subsequent to

the availability of a suitable predictive method.

The development and evaluation of predictive methods

depends upon the design and conduct of a systematic experimental

program to provide the data necessary to assess the numerics,

boundary conditions, initial conditions, and the submodels

of energy and mass transport, and chemical reaction. The most

productive approach to resolving the validity, utility, and

range of applicability of predictive methods is to perform

televant, well-controlled experiments designed to isolate a

single dominant phenomena, and to perform in conjunction with

the experiment, simultaneous numerical simulations. Progress

in continuous combustion modeling is currently restricted by

I the scarcity of detailed flowfield data for distributed reac-

f tions with recirculation. Measured profiles of chemical comp-

osition, temperature, velocity, and turbulence intensity in

backmixed, distributed reactions are necessary to effectively

develop and evaluate predictive methods for continuous combustion.

In the absence of a fully evaluated and developed

predictive methbd, the experiment must guide the,.exploration of

pollutant and plume formation in continuous combustion.

Though costly and rumbersome in comparison to numerical

simulation, experimental studies must currently be

13



relief upon to provide insight Into the performance of

these complex systems. Nlevertheless, the parallel develop-

ment and evaluation of predictive methods can greatly enhance

the information derived from the experiment.

1.? the UCI Program

Obiectlves. The objectives of the UCT program are directed

to clarifying the relative influence of those mechanisms respon-

sible for pollutant production in continuous combustion. =

Specifically the objectives of the study are-

Near Tcrm

"o To investigate high temperature chemical reactions,

studying the limits of combustion under those con-
ditions typical of recirculating, turbulent reacting
flowfields. Such information is pertinent to com-
bustion stability and use of alternative fuels in
turbine, dump, and ramjet combustors.

"o To develop an understanding of pollutant formation
In continuous combustion stabilized by recirculation.
Such infornation is pertinent to reducing environ-
mantal impact and controlling plumc signature.

"o To develop and verify numerical methods and
sasociated submodels of tubulence and kinetics

as applied to recirculating turbulent reacting
flowfields characteristic of turbine combustion,
via a judicious coupling of numerical methods to
exreriment. The goal is to establish a method

that can be readily adopted to the flow geometry
of gas turbine, dump, and ramjet combustors.

Futuer

"o To investigate emission and performance character-
istics of alternative fuels with specific emphasis

on particulate formation and flame luminosity.

Approach. The UCI investigation of exhaust pollutant and

plume formation in continuous combustion Is a combined analytical

* and experimental study of turbulent, backmixed combustion.

4



Experiments are being conductEd ui.ng laboratory backnixed

combuators operating with premixed and nonpremixed methane/

air and propane/air reactants. Operation on liquid fuels

is currently being added. Numerical models are being developed

and systematically tested against the experimental results to

evaluate and ieprove the models, The goal is to identify,

understand, and control pollutant and plume formation in

backiixed coubustion typical ox gas turbine engines.

The investigation is divided into the following elements:

The implementation of tht. elements is detailed.in the Perfornarce

Schedule presented in Figure 2.

o Model Developnent and Evaluation

Evaluate and refine numerical procedures and models
of turbulence by comparing numerically predicted
profiles of velocity, turbulence energy, temperature,
and tracer concentration of experimentally determined
profiles (nonreacting and reacting flow).

Evaluate and refine the numerical procedures and
the coupled models of turbulence and chemical
kinetics by comparing numerically predictcd profiles
of velocity, tuTbulienc energy, temperature, trAcer
concentration, and mass fractions of hydrocarbons,
nltrtc oxides, carbon monoxide, oxy;en, and carbon
dioxide to experimentally determined preftles
(reacting flow).

o Mechanisms of Pollutant/Plume Formation

Perform parametric studies (theoretical and experi-
mental) to Identify the relative contribution of
the chemical reactiont, transpolt processes (heat
and mass diffusion, fluid mechanics, and recircula-
tion behavior), and system paratetnrs (e.g. geosetry
flow rates) to pollutant formation.

o SLupplemental I Studies

Lean Combustion. Evaluate the emission cha'acter-
istics of lhe opposed jet combestor (OJC) and the
potential of ut!!Izing the OJC in stabilizing lean
combustion.



Swirl. Design ard Install the capability to
g,'ene-rate and co0utiol swirl in the laboratory
combustor systems.

Air Prchedit. Install the capability of a.r
prel.cat to 600C to nore effectively simulate
gas tutbine combustJon behavior.

Non-Premixed Combustor. Expand the existing
premixed combustion studies to include non-
premixed sybteos more representative of the
majority of gas turbine systems.

Particulatie Form'ation/lumi-resity. Investigate
particulate formation in reacting flows with
recirculation with special emphasis on
alternative fuels. Investigate lum.nosity in
reacting flows with recirculation with special
attention to alternative fuels and impact on
combustion Jiner degradation.

NO Probe. Explore chemical transformation of
nitrogen oxides in sample probes and sample
lines while sampling combustion products.
Such information Is important in the use of
measured concentration data in pollutant and
pluve fornation studies.

3.4 The UCI Combustor SZystem

Two combustor systems--premixed and nonpremixes--are

employed in the JCI .tudy. Schematics of both systems are

presented in Figure 3. The premixed system, shown in Figure

3m. is ao opposed-rcacting-jet, combustor (OJC). The non-

prenixpd system, shown in Figure 3b, is a classical con-

figuration with fuel injected at the axis in a stream

concurrent with the sx~rrounding air.

The oppased-jet combLstor (OJC) exhibtit essential

features found in practical continuous ;onbution systems

(bankmixing, high intensity combustion) but avoids the attendant

complea!ties (nonpremixed, two phase combustion) appropriate

for complementary studies. The recirculation rone is Is*lated

and free from greometrically governsd bounaary ctnditions.

L6
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The isolation allows the turbulent:hydrodynamic effe ts to

be explored apart from the complicating questions associated

with boundary condition specification. The features of the

OJC especially attractive and novel to the study are the

extended range and control of turbulence intcnsity, mixing

lengths, and mixture equivalence ratios versus those offered

by the sudden expansion on physical, bluff body configurations.

For eximple, the rate and intensity of backmixing in the re-

eircation zone may be altered experimentally and numerically

over a broad range by varying the ratio of approach velocity

to let velocity.

The VjC cozbustor L4 a 5lna 1.D. . 457mm cylindrical Vycor

chamber cuntalnint ao aeca•d'y1nacic (Oppsed-jet!) •le-holder.

The Incemiug flow of premixed n eethane or prepane) if

oppot~d by a hiSh velocity ji.!. 1'm< (. iasinig from

1.3mm I.D. (&.4-m O.D.) water-cooled tube. Th jet is coin-

cide-ir with the combuator axis and located 76ms upstrekM fto=

the combustor ecic. The backaixed cone zeqaersd for flame

stabilitatiun is generatec along the jet boununry. The com-

bustor is currently b;ing enlarged to 7?mm to iepravz the

resolution of the flovfiplJ s-ýatially.

The nonpre%-xed system Is currently being daiguicd•

The conbustor size will match the exp--dcd pramixed version

of 78mm. The tonpremixed config,;ration will alloy exploration

of the effects of mixing the two dissimiler streams on

pollutant formation and numerical prediction, allow utili=ation

of liquid fuel, end provide a bridge between the premixed system

and the more conventional turbine co=bustor configurations. [ t

7 3qi
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2. BACKGROUND

2.1 Numerical

The development of a predictive method for continuous

combustion must be founded upon a suitable computational pro-

cedure. Because the flows are characterized by strong back-

mixing, the describing partial differential equations must be

elliptic.

A computational technique may be developed to solve the

elliptic equations wherein the goal is to solve directly for

the instantaneous velocity. This approach is costly,

relatively complex, and requires substantial computer storage

capacity. An alternative approach for engineering calculations

is to a.opt time-averaced properties. Here, instantaneous

properties (pressure, temperature, velocity....) are replaced

Dy the sum "f the mean (time-averaged) value of the property

and a fluctuating component. The governing equations are

then --tructured in terms of the tire-averaged propertieu plus

additional terms involving the fluctuating components. The

problem, then, Is transformed from solving for the time-

dependent instantaaeouG velocity to providing a model that b
accountu for the nay ýutcuatlng component tcxms in the tice-

averaged equations.

One approach used to a,ceont for tte fluctuating component

r teriag Iq to modify the transport propcrtiaes yiscoeity,

V 11). Tho nidified values of the transport proper11is r7r called

k •'aff*et-Va properties (e. *e. effctivc viscosi:yef,) and

, B.. .,,,, ,,•- ,, ,,, i • ~ ,. ei.



formulated to account for the turbulence transport associated

with the fluctuating components. Examples of two effective

viscosity models are the following algebraic and two-equation

formulations:

AlgebraiC
3

1rf. , K D2/3 L-i/ p2/l (Iv2)'
1  (1)

K: empirical coefficient
D: diameter of combustor
L: length of combustor
p: localdensity

mV2: inlet kinetic energy

Two-Equation4

IPeff c), p k
2
lc (2)

cl: empirical coefficient

p : local density
k z local turbulent kinetic energy
c : local turbulent energy dissipation

C rate

For a given geometry and inlet flow rate, the algebraic

formulation is functionally dependent only upon local density.

The two-equation model introduces additional unknowns that

complicate the numerics and adds computational cost penalties.

Hlowcver, the two-equation effective viscosity model is



intuitively more accurate because it accounts for spatial

variations in turbulent kinetic energy and length scale.

The turbulent transport of scalar quantities is related

to the eddy viscosity through the appropriate Prandtl or Schmidt

4 numbers as follows:

r 
0 Peffe 'f o effo (3)

r , effective exchange coeffici-ent for
eff,, dependent variable 0

aeffo: Prandtl or Schmidt number

_ : dependent variable

'4

Table I lists the follotinz major computer codes that have

been developed using the time-averaged approach to solve the

elliotic flow equations:

PISTEP II is.a 0-&) program with a two-equation

effe-tive viscosity model. The UCI version includes

combustion chemistry, the OjC geometry, and the algebraic

description of effective viscosity for convenience

in initiating a first solution.

TEACH is a three-dimensional program written

with p-v as the major, dependent variables. The

code has the attractive features of a third dimen-
siop option and an efficient iterative routine.

The UCI version includes both a two--parameter and

algebraic description of the eddy viscosity models

as well as the combustion chemistry, and OJC

10



.&eometry
A third code, CRISTY, developed at United

Technology Research Center (UTRC) through a

Joint sponsorship by the Environmental Protection

Agency (EPA) and the Air Force Aero Propulsion Lab-

oratory (AFAPL), is being run in cooperation with

the EPA.

2.2 Experimental

The experimental dimension of the UCI program combines

the following components of the continuous flow combustion test

facility in the UCI Combustion Laboratory:

c combustor test facility

* gas analysis system

* laser velocineter

The integrated system represents the unique experimental

capability of providing detailed measurements of composition,

temperature, velocity and turbulence data to (1) develop and"

evaluate the predictive methods, (2) explore the mechanisms of

e3haust pollutant and plume formation, and (31 conduct supplemental

studies.

Combustor Test Facility. The test facility includes

built-in controls and measuring devices for monitoring operating

parameters as well as d agnostre ic e frlae and emgssion

wharacterlstlas. Provisions are included for varying

operational parameters continuously while the combustor is

firing. The structural features of the combustor test section

I11 -"



readily accommodate mechanical probing for sample input to

the gas analysis system and optical probing b7 the laser

velocimeter. Combustor air inlet temperatures up to 600*C

(1112"F) can be accommodated. A flow diagram of the test

facility is shown in Figure 4. The combustor teat section

is nominally 51mm in diameter and is currently being expanded

to 78mm. The air is supplied on a continuous basis (O.1Kg/sec)

with approach velocities variable to 18.3 ueters/sec (60 ft/sec).

The combustor facility is interfaced with .an automated

data acquisition system coupling an analog data scanner with

a minicomputer. System capabilities include real-time

monitoring and control of the experiments and efficient data

reduction. A block diagram of the data acquisition system*

is shown in Figure S.

Cas Analysis System. A packaged turbine engine analysis

system (Scott Research Labs., Model 113) is available for the

exhaust gas analysis. The unit consists of five commercially

available instruments: Two nondispersive infrared analyzers

(NDIR) for measurement of CO and C02, a chemiluninescent

analyzer (CLA) for measurement of NO/NOx, a flame ionization

detector (FID) for total hydrocarbons, and a paramagnetic

oxygen analyzer. Also Included is the associated peripheral

equipment necessary for sample conditioning and Instrument

calibration. All instruments supply an analog output to a

5-channel strip chart recorder and/or the data acquisition

systems. A detailed breakdown of the analytical instruments

is shown in Table 11.

12



Lascr Velocimeter. A DISA type 55L laser Doppler *;eloci-

meter (LDV) system is available for velocity measurement in the h
combustor flowfield. The principal components of the LDV syptem

include a 5 mW He-Ne laser light source manufactured by Spectra-

Physics (Hodel 120) an integrated optical unit and a DISA

(Hodel 55L20) frequency tracker for Doppler signal processing.

The signal processing is currently being expanded to include

frequency counting through use of the PDP-1I computational

and data sampling capability.

The LDV optical beach is mounted on a motorized traverse

to facilitate rapid scanning of the flowfield while maintaining

an accurate spatial resolution. A schematic diagram of the LDV

* optical arrangement and associated electronics is shown in

Figure 6.

J] In our experience to date, it has been found necessary

to artifically seed the flow system with supplementary light

:1 scattering particles to provide an adequate signal input to

the data processing instrumentation. The nonreacting flow

studies are conducted using salt (Nadl) particles introduced

into the flow as an aerosol. Combustion experiments necessitate

introducing high melting point solids, such as alumina A1 2 0 3 ,

by a fluidized bed technique.

2.3 Coupled Numerical/Experimental Procedure

The programf plan of the investigation is designed to

accomplish the objectives of the study via a judicious coupling

of numerical methods to experiment. Th- approach is to address

in sequenct isothermal (nonreacting), heated (nonreacting wIth

13



preheat), and hot (reacting flow). The approach in outlined

in Table II and illustrated in Figure 2. The eddy viscosity

and mass transport submodels, and initial condirions and

boundary conditions are first tested against experiment for

isothermal flow. The tests used include comparisons of vel-

ocity profiles, turbulence intensity profiles, and profiles

of tracer concentrations. The eddy viscosity, mass transport,

and energy transport submodels, and initial and boundary

conditions, are secondly tested against experiment for

heated (nonreacting) flow. The main stream and-Jet stream are

independently heated to temperatures in excess of 400'C (754*F).

The tests used Include comparisons of velocity profiles, tur-

bulence intensity profiles, profiles of tracer concentration,

and temperature profiles. Third, the eddy viscosity, mass

transport, energy transport, and chemistry submodels, and initial

and boundary conditions are tested against experiment for hot

(reacting) flow. The tests include those above plus comparison

of species concentration profiles of the major products of con-

bustion as well as carbon monoxide and oxides of it.-ogen.

The rate and intensity of backmixing in the r, -culating

flow region are altered nuciericolly and experimentai-i--)y

variations of the ratio of approach velocity and Jtt velocity.

Turbulence intensity and scale (eddy size) are altered by the use

of screen grids upstream of the stabilization zone. The com-

parative tests encompass a broad range of turbulent transport

rates between the recirculation zone and the primary gas stream.

Additional parametric variations include the mixture equivalence

ratio.

14



2.4 No Probe

Heasurement of combustion products in laboratory burners

and flames is required to identify the elements of chemical

kinetic and fluid mechanics responsible for the formation

of pollutant species.

Measurement of the gaseous product composition emitted

from a combustion source generally proceeds by extracting an

exhaust sample for subsequent quantitative analysis, In order

to obtain reliable data, precaution must be taken to ensure

that the analytical instrumentation receives a sample that

is chemically identical to the composition existing at the

sampling point. Potential sample transformations may be

minimized by careful selection of materials contacting sample

gases in the physical probe used for sample removal and in

the line used to transport the sample to the instrumenLation.

Of all the significant products of combustion, nitrogen

oxides (NOx) are especially suceptible to chemical transfor-
x

mation. In addition to the total nitrogen oxides concentration,

the concentration of the primary species in the nitrogen oxides

family, nitric oxide (NO) and nitrogen dioxide (N02), must

often be determined. For example, spatial distributions of

nitric oxide (NO) and nitrogen dioxide (NO2 ) are required to

Identify the chemical kinetic mechanisms rcsponsible for the

formation of nitrogen oxides in flames or gas turbine combustorsa

The oxidation of NO to N02 or the reduction of H2 to NO in

15



sample probes and sample lines prevents an accurate determination

of either 10 or NO As a result, oxidation or reduction
2-

reactions involving NO or NO2 may often be unacceptable even

though total NO is conserved.
x

An adequate accounting of NO transformations requires-| x

that experiments be conducted to identify (1) the chemical

transformations, if any, that occur, (2) the extent to which

they occur during typical sampling times, and (3) the conditions

(e.g. sample temperature, sample composition, sample line

material) for which they occur.

The present experimental study is designed to assess NO,

transformations that may be encountered when sempling within

flames and at the exhaust plume of laboratory combustors. The

experimental system is currently designed to simulate the actual

conditions experienced in sample lines used for sampling gaseous

combustion products. A diagram of the experimental system is

shown in Figure 7. Test parameters include composition of

the carrier gas, dopant gases, and probe material.

A carrier gas simulating the primary combustion products

is selected from one of three prepared sources of 0, 1, or

52 02, 12% CO2 , and balance N2. The carrier gas flow,

liters/minute, is doped, with CO; NO, and NO2 metered from

high concentration source cylinders by means of porous sintered

metal flow restrictors. After doping, the carrier gas enters

a silica preheat tube that raises the gas temperature to the

desired probe best temperature. From this point,..the doped

carrier gas enters a sample probe test section, An oven is

used to maintain the temperature of the doped carrier gas at

* the desired probe test temperature.

16



The temperature of the gas within the sample probe Is

increnentally varied from 251C to 400*C. Temperatures of the

gas stream (T 2 and T3 ) are measured with insulated platinum

resistance thermometers centered in the probe bore at the inlet

and outlet of the sample probe. The oven temperature is also

recorded by a thermocouple located adjacent to the outer dia-

meter of the sample probe. The sample probe heater can

accommodate a variety of probe materials of lengths up to 2

meters.

Gas composition is measured at sample Point 3 to assess

the extent of NO and NO2 transformation within the 2 meter

* sample probe segment. Sample lines leading from points 2

and 3 (Figure 7) are short, equal-distant, and made of 1/4

inch o.d. TFE Teflon. Screening tests using varying lengths

of TFE Teflon have been conducted to assure that NO2 absorption

is not a significant factor in the present experiment.

Analysis of NO and NOx is conducted with a Beckman Model

9511 chemiluminescent oxides of nitrogen analyzer. NO2 is

determined by the difference between the measured NOx and NO

concentrations. The (carbon) converter efficiency is moni-

tored by periodic tests using the methods outlined in the

vederal Register.
3  

Measurements of carbon monoxide concentration

is conducted with a Beckman Model 315BL nondispersive infrared

analyzer.

4
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3. DESCRIPTION OF PROGRESS: REPORTING PERIOD

The performance schedule is presented in Figure 2. The

first ten months of the research program were structured to

accommodate (1) modification and testing of the experimental

system, (2) modification of the numerical methods to the geo-

metry of the opposed reacting combustor, (3) expansion of the

numerical methods to include multicomponent reacting flow and

(4) initiation of the cold flow numerical and ixperimental

studies.

The current reporting period covers the subsequent

twelve (12) month period and includes (1) the test of the

numerical methods against experiment for the case of isothermal

flow, (2) expansion of the numerical methods to include propane

4 oxidation kinetics, (3) expansion of the experimental facility

to include air preheat capability, (4) initiation of the gen-

eratien of a broad, experimental data base for the cases of

isothermal and hot flow, and (5) initiation of an in-depth

exploration of chemical transformation that may occur in probes

and lines used to sample and transport'nitrogen oxides.

The program is on schedule.

3.1 Numerical

A summary of the improvements and modifications completed

during the current reporting period Is outlined"in Table IV.

,Current problems outstanding and plans for their resolution are

18
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also idantified.

PISTEP II and TEACH were tested against experiment for

the case of isothermal flow. The results of the TEACH evpl-"

uation are discussed in Section 3-3 (Combined Numerical/

Experimental) and will be presented at the Sixteentl Sympos)zum

(International) on Combustion. The PISTEP 11 evaluation is

currently being completed.

In cooperation with the EPA, the CRISTY Code was modified

to the UCI OJC geometry and is currently being -run for the

algebraic eddy viscosity rodel.

Solutions have been obtained for hot (reacting flow)

mixtures of methane/air with nitric oxide formation using

TEACH. Solutions are now being pursued with PISTEP I1. Both

codeb are undergoing aodificatiot• to consider propane oxidation

Siinetics.

In summary, PISTEP I1, TEACH, and CRISTY are specialized

to the OJC geometry, and are now being tested for the case of

isothertal conditions. The evalustion of the methods for the

case of hot flow has commensed. The codes are being expanded

to include propane kinetics as weil as methane oxidatio[

chemistry. Tests of the codas for Zhe hot flow condition will

continue during the continuation year.

3.2 Experiment

Combustor Test Facilftv. A summary of all the improvements

-and modifiLations completed during the current reporting period

are outlined in Table V. Cuirrnt problems outstanding and plans

19



for their resolution are also idenLified.

The major modification to the conbuslor test facility

was the inclusion of air preheat capaiility to 600C (1112"Y).

Electric heating was aelected (1) to avoid contamination of

rthe combustor inlet air (contamination of the inlet air could

significsintly alter the combustion process chemistry), (2)

to provide a precise control of temperatuie, and (0) to allow

a rapid response to changing flow condltin:4s,

The combustor air prcheat system is desigeed to have the

flexibility to heat the combustot irlet air to any temperature

within the design temperature raii;e and to be operational 'or

a range of airflows. The maxlzuz design tanperaturt for the air

preheat syster is 600*C. Seloction of this temperature is

based on actual gn; turbine operating conditions. The air preheat

system will provide heated inlet air for combustor air velocities

j of 7.62 to 15.24 m/sec (25 to 50 feet/sec).

The initial series of combustor preheat strdiea will involve

the premixed combustion of propane with heated air. The ignition

temperature for a fuel-cxidant mixture is the temperature at

which self sustained combustion will occur. Reported ignition

temperatures for propane-air mixtures range from 4-0-C to 600CC.

To avoid the possible hazardous condition of mixing propane with

air heated to the ignition temperature, a maximum
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operating temperature of 4001C will be observed. This maximum

temperature will allow combustor studies to be performed at

temperatures typical ot low pressure-ratio gas turbine engines.

Future combustion studies using a nonpremixed combustor con-

figuration will allow the maximum combustor air preheat system

temperature to be extended to the desired limit of 600*C.

Laser Velocimeter. The LDV development has emphausied

isothermal flow conditions. A commercially available nebulizer

is used to introduce supplementary laser light scattering

particles into the flow. The nebulizer atomizes'high concen-

trations of uniform size, salt-water solution droplets. The

aerosol is dried to small, solid salt particles of uniform size

before entering the combustor. The size of the particles is

controlled by the original salt concentration in the aolution.

Current problems outstanding concern signal acquisition

in the recirculation zone and the stress layer located along

the peripherty of the opposed jet. Several approaches are

currently being investigated to improve data acquisition and

interpretation. Emphasis is being placed on development of 3

period timed (counter) signal acquisition system to complement

the current frequency tracking technique.

3.3 Coupled Experimental/Numerical

One oi the important elements of the current research

program is the coupling of the numerical and experimental

components. The development cf a realistic numerical model of

"21
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continuous combustion requires careful validation bh uay of

expe-rinctal observaLion.

Emphasis duri•t the current rcporting period Naa b!en

directed to (1) testing the numerical Dathods for the casa of

isothermal flow (to evaluate the eddy vircogity model) and,

(2) testing the numerical methods for zhe ease of isotheranl

flow with a tracer. For the case of Isothermal flow, the

eddy viscosity submodels were first evaluated for tht preiction

of system hydrodynamics. A tracer gas was later introduced to

evaluate the eddy viscosity submodels for nonuniform, multi-

component flow where mass as well as momentum exchange is

important. Experimental measurements and numerical predictions

of velocity and trace% isopleths for a range of approach

velocities and backmix characteristics provided the critical

tests.

The results reported here emphasize the case of isothermal

flow. A satisfactory assessment and understanding of the iso-

thermal case is a prerequisite to engaging the hot flow case.

Combustion imposes the additional requirement for submodels of

chemistry and turbulence/chemAstry interaction that may mask

fundamenta: deficiencies in the eddy viscosity submodel.

However, hot flow results are presented as an indication of the

suitability of the two eddy viscosity submodels in the pre-

diction of reacting flows.

The isothermal and hot flow results collectively demonstrate

the merits of two eddy viscosity submodels for the prediction

- of transport behavior in continuous combustion systems of
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practical engineering interest (turbulent reacting flows

with reeirciiation). In addition, the results provide usefull

infornctiop for the development of applied computational topls

for analyzing the performance of continuous combustion systems.

The present study explores 3pecification of the eddy

vis.c3ity, 1 Offnn turhulent mass transport, re f,•, in cun-

fined flows exhibiting strongbackmixing or recirculation.

Ccmparative calculatioan were pesrformed using two distinct

turbulence sub~odels to deflnu the eddy viscoslty--an algebraic

model (Equation 1) 2nd e more elegant two-equation submodel

(Equation 2).

RESULTS (ISOTHERMAL FLOW)

To effectively test the subeodels of eddy viscosity

over a range of turbulent conditions, experimental data were

obtained for approach velocities of 15.24 and 7.62 m/sec and

jet velecitLies of 30.5, 61 and 130m/sec. Velocity profiles

were mapped throughout the flowfield using a lmm O.D. pitot

tube. Tracer profiles were generated by Introducing altern-

atively pure carbon nonoxide (CO)'in the jet and pure carbon

dioxide (CO 2 ) in thn mainstream. The mixing between the jet

and mainstreas was assessed by mapping CO and CO2 profiles

throughout the flowfield using a 3am stainless steel tube

and Beckman 3 159 NDIR instruments for the gas sampling and

analysis. The Reynolds number of the app~roach stream ranged
from 2.5 x 1o0 (at 7.62misec) to 5.0 x l10 (at 5.24ml/sec).
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Ab~mcntlws 2'ranPort

Tle eddy viscosity submodels were first tested for a homogeneous,

Isothermal flowfield to explore the effectiveness of the submodels in

predicting momentum transport. Experimental and predicted profiles of the

axial component of mean velocity are presented in Figure 8 for an average inlet

velocity of 15.24m/sec. The selected profiles emphasize the flow regime

dominated by recirculation. The calculated velocity profiles for both

turbulence submodels assume an experimentally determined velocity profile

as an inlet condition.

The trend of the velocity profiles agrees qualitatively with the

experimental results. The two-equation submodel retains the inlet turbulent

velocity profile in the approach section while the velocity profiles

predicted by the algebraic suboodel flatten out due to the spatially

uniform viscosity. The presence of the opposing-jet is communicated further

upstream for the two-equation submodel than for the algebraic eddy viscosity,

and the two-equation sub=odel demonstrates better correlation with the

experimentally observed stagnation point.

The mean velocity profiles in the recirculation zone are also better

represented by the two-equation turbulence submodel, although both sub-

models over-predict the jet expansion. In addition, the two-equation

velocity profiles decrease too rapidly near the chamber wall.

Downstreaz from the backlixed zone both suboodels fall to adjust for the

* redistribution of the bulk fl- in the turbulent wake of the recirculation

zone and under-predict the velocity adjacent to the jet wall. Both sub

models display good agreement in the bulk flow regime in the absence of

recirculation or wall effects.
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The recirculation zone strength was examined by reducing the approach

velocity by a factor of two while retaining the same jet velocity. The

experimental and predicted velocity profiles are presented in Figure 9.

The calculated results demonstrate a significant depa-ture from experiment

in the region of strong backeixinS. The reverse flow region again penetrates

further upstream In the two-equation submsdel prediction.

The acceleration of the bulk flow around the recirculation zone is

under-predicted in contrast to the over-predicted jet expansion for both

subwodels. This result is especially evident near the plane of the jet

exit where the redistribution of the bulk flow with the jet discharge is

restricted. This effect is conveyed downstream from the recirculation

zone where the two-equation velocity profiles correlate well with

experiment near the chamber wall but deviate rear the jet wall.

Mass r=nsport

The two eddy viscosity submodels were secondly tested In conjunction

with the turbulent mass exchange submodel (Eq. 3) for the conditions of an

isothermal, nonhom-ogeneous flowfield. Spatial distributions of the predicted

tracer concentrations are compared to experimental neasurements in Figures 10

and 11 for the baseline conditions outlined previously.

Figure I presents the algebraic and two-equation submodel predictions,

and experimental tracer concentration distributions for a 15.24mlsec

average inlet velocity. (The jet stream is 100 percent carbon monoxide.)

Immediately evident is the contrasting axial and radial spread of the

predicted tracer concentration profiles. Differences in axial transport of

CO arc consistent with the observations forwarded in the previous section

on no.mentum transport. More notable are the diverse radial transport pre-
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dictions. The spreading of the jet disclharge into the mainstream for the

algebraic eddy viscosity conforms to the experimental results.

"In contrast, the two-equation subaode) limits the radial mixing of the

jet stream (tracer) with the bulk flow. The segregation of the jet and

the mainstream Is verified by the high CO concentrations along the jet

wall, in contrast to the absence of CO near the chamber wall. This result

was further substantiated by introducing a carbon dioxide (CO2) trw-er in

the approach stream. The numerical analysis of (O2 concentrations

for the two-equation submodel predict negligible mass transport of

CO2 from the mainstream into the recirculation zone. Downstream, the

predicted mixing of C02 from the bulk stream into the flow associated

with the jet stream is minor. Experimentally CO was observed to be
C2

well mixed into the jet.

The results for the strong recirculation zone (Figure 11) demonstrate

similar trends. Although the velocity data presented earlier in Figure 9

gave poorer agreement for conditions of strong recirculation, the mixing

is improved because of the enhanced backmixing.

RESULTS (HOT FLOW)

A two-step global reaction mechanism for methane oxidation was

adopted for the present study to illustrate the applicability of current

numerical methods to the prediction of continuous combustion flows,

and to briefly exp'lore the suitability of the eddy viscosity submodels

for the cse of hot flow:

aCi14  + 02  . CO + H2 0 (4)

CO + 02 CO 2  (5)
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A detailed description of the numerical formulation of the reaction rate

expressions and boundary conditions may be found elscwhere'. The dependent.

variables for the hydrocarbon system include the mass fractions Y and

ICO . Distributions of the other major species--water (H120), oxygen (02).

carbon monoxide (CO)--are related to YCH and Y by elemental mass
- 4 C2

conservation. An Initial solution for the reacting flowfleld was obtaiied

using published reacLion rates? which were later refined to more closely,

resemble the experimental data. This approach was justified on the basis

that the reaction rate data were obtained from the study of a veil-stirred reactor

and may not apply to the current study, which deviates substantially from S
we1l-stirred conditions. Global reaction rates were judged acceptable for

the present study because of the uncertainties encompassing the specification

of the system aerodynamics.

Since the iim of the study Is to predict the performance of baekmixed

combustion systems, the hot flow calculations were extended to include the 1
prediction of the pollutant species, nitric oxide (NO). Nitric oxide

kinetics were based on the familiar Zeldovich' mechanism: .

0 + N NO +÷N (6)

2N+0 N'.10+0' (7)

Noting that reaction (6) is the rate limiting step and adapting the

simplifying assumption of 0/02 equilibrium results in the reaction rate

expression:

d[NO'dt = 2 k8f K0 [121102] (8)

The temperature and 02 distribution obtained from the solution of the
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hydrocarbon system was used as a basis for the NO kinetic calculations.

The experimental tests conducted to complement the numerical predictions

of hot flow propertics utilized stolchlometric proportions of premixed

methane and air in both the main and jet streams. The reactants were

Initially at ambient temperature .ind thie combasnt|in was cumpleted at atm.o-

phlcrlc pr(.-surc'. The test matrix Ineltied the ham. approach veloc'tties

selected for the Jsothermal cases -- 7.62 and 15.24m/sec -- and a jet

velocity of 130/sec. Detailed maps of flowfield properties were obtaincd

by conventional probing techniques. Temperature measurements were made using

an uncoated Pt/Pt-13Z Rh thermocouple and a Scott Hodel l25 chemiluminescent

analyzer was used for oxides of nitrogen measurements. Gas samples were

extracted via a moveable 3.2= O.D. watercooled, 316 stainless steel probe

having a tubular inlet, and conveyed through a heated teflon sample line

to a packaged exhaust gan analysis system. Selected results of hot flow

properties are presented in Figures 12 and 13 for the conditions indicated.

Temperature and NO profiles are presented as indicators of useful design

information that nay be derived from the numerical simulation of back-

mixed cnmbustion processes.

PDISCUSSION

.Isothearl Plow

The results of the momentum and mass transport btudies identify

several important characteristics of the turbulence subwdels. The

turbulent viscosity from the two-equation subnodel varies through the flow-

% field as is physically expected. The two-equation suomodel demonstrates

"the generation and dissipation of turbulence kinetic energy near the

jet exit, the stagnation point, and near the boundaries. In contrast, the
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viscosity from the algehraic subIodel is spatially uniform throughout

the flowfield for Isothermal flow, and varies only with a change in the

kinetic energy of the inlet streams. The impact of these diflcrenccs

between the two eddy viscosity subaodels is evidenced by the velocity

profiles, the predicted location of the stagnation point, the radial mass

transport, and the dissipation of the kinetic energy of turbulence in the

wake region.

Velocity Profiles. The predicted velocity profiles agree qualitatively

with experimental results. The two-equation submodel more closely

approximates the experimental trends although the predicted velocity

contours for conditions of strong recirculation are quantitatively

incorrect throughout the flowfield for both turbulence submodels. The

departure from experiment is especially etident near walls, and suggests

the need to refine the wall functions used to specify boundary conditions

for turbulent kinetic energy or dissipation rate, and/or to decrease

the grid spacing near the wall.

Stagnation Point. The location of the stagnation point as Indicated

by the velocity profiles and upstream extent of tracer measurements is

4 better described by the two-equation submodel. The effective viscosity

predicted by the algebraic submodel is spatially uniform throughout the flow-

field for given inlet conditions. No account is rade for changes in the

kinetic energy of turbulence or energy dissipation rate in the region of

encounter between the =ain and jet flows. The lower viscosity predicted

in th2 recirculation zone by the two-equation subnodel is more effective

in describing the actual axial momentum and mass exchange.

Radial Kiss Transport. Although the experimentally dcter=ined tracer

Isopletha are in closest agreeent in the recirculation zone for the tno-

equation subsodel, the downstream radial spread in more effectively
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described by the algebraic submodel. The uniformly high viscosity

predicted by the algebraic turbulence submodel aids the overall mass

transport throughout the flowfield, i.e. axial and radial diffusion from

the jet is greater for the algebraic rather than for the two-equation sub-

model.

The radial mass transfer predicted by the two-equation turbulence

submodel suggests that the orincioal mechanism of mass transport is 1by

large-scale convection rather than by small scale gradient diffusion

processeas. The tracer concentration varies gradually through the j
recirculation zone. The downstream mixing layer is bounded by steep

concentration gradients that enclose the jet mixing region. The numerical

predictions indicate that at high approach velocities the bulk flow detours

around the recirculation zore, retaining upstream flow properties (low

viscosity and small-scale mixing) and effectively precludes radially-

directed mass transport. Conversely, the experimental trend reinforces

the conjecture that turbulent exchange processes should be active

downstream from the recirculation zone.

Wake Region. The kinetic energy of turbulence predicted by the

two-equation submodel is quickly dissipated ia the wake region downstream

of the recirculation zone. The resulting low.viscosity impedes turbulent

mixing throughout the wake region. In contrast, the uniformly high

viscosity of the algebraic suboodel is effective In predicting the

radial spread of tracer observed experimentally.

Not Fl~sw

* IThe hot flew results reflect the Inherent limitations of the under-

lying eddy viscosity submodels and emphasize the urgency to refine the

basic fluid dynamic representations employed in the analytical modela.
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In general, the predicted hot flow properties qualitatively simulate

gross flawe features. Before adequate experimental correlation isF

achieved, however, the submodels of eddy viscosity and turbulent mass

exchange must perform satisfactorily for the case of isothermal flow,

and the chemical submodels and the coupled turbulence/chemistry interaction

must be fully explored and likely improved for the case of hot flow.

Rcfinemetnt

The results above identify directions for refinements to the

eddy viscosity submodels, inlet conditions, and/or surface boundary

conditions. A parametric investigation was initiated to improve the

predictions of the two-equation eddy viscosity submodel by exploring

the effect of boundary condition specifications.

The outcome of the parametric studies suggested that in confined

flows, where the recirculation zone may contact solid boundaries, the

specification of near wall turbulence energy dissipation rate (c) may

significantly influence the mixing characteristics of the two-equation

turbulence submodel. These results are consistent with the findings of

earlier studies" where a reduction of C adjacent to a downstream facing

wall was used to improve nurerical/experimental correlation. Similarly,

the reduction of c en the upstream facing step of the jet tube was found

to radically alter the predicted mass transport behavior of the two-

equation submodel. The Improvcd radial mass transport is evidenced by

the tracer concentration profiles in Figure 14 with a slight sacrifice in

stagnation point correlation. The stagnation point correlation can be

improved by modifying k or C at the jet inlet.
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The refinements clearly demonstrate the sensitivity of the

numerical solution to boundary condition specification, and the need

to test the two-equation turbulence subcodel under Isothermal flow

conditions prior to hot flow simulations.

CONCIUSIONS

Numerical predictions of the turbulent, backmlixed flowfield of an

opposed-jet combustor have been compared to experimental observations.

Although favorable qualitative correlation has been established,

deficiencies in the eddy viscosity submodels and associated boundary

conditions used as a foundation for the transport mechanisms have been

identified.

The flowfleld hydrodynamics are more accurately represented by the

two-equation submodel because of the intrinsic variable viscosity and

length scale. Comparable solutions way be obtained at considerably

less expense by employing the algebraic submodel.

The mass transport predictions of the algebraic submodel demonstrate

acceptable correlation. The prediction of radial mass transport by the

two-equation submodel in general does not conforn to experiment. The

performance of the twe-equation subsodel'may be improved by careful

specification of boundary conditions. In particular, the near wall

turbulence energy dissipation rate was shown to significantly influence

the mixing characteristics of the two-equation submodel.

The results of the isothermal flow studies indicate that the

aIgebraic turbulence submodel performs adequately in describing general

fluid flow patterns and mass transport for the conditions investigated.
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A major impact of the present study in that considerable testing of

the numerical model is required for isothermal flow before proceding

to the complicating conditions of combustion. The testing requires

a coupled numerical/experimental study and Is likely gowerned by tbe

geometry, inlet and aolid boundary cnnditlons of the system uoder

investigation. The hot flow calculations presented here accent-late

the inadequate transport characteristics identified in the isothermal

flow analysis. Attempts to refine the chemistry submodel or to quantify

the interaction of fluid motions on chemical reaction rates are

dependent on the correct turbulence model formulation.
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3.4 NO Probe

Effects of oxygen containin, and carbon monoxide contain-

ing atmospheres on nitrogen oxides concentration were evaluated

during the current reporting period. Sample probe materials

tested included 304, 316, and 321 stainless steel and silica.

The length of each sample probe vas arbitrarily chosen.

to be 2 meters. The residence time of the doped cartier gas In

the sample probe test section was approximately I second for

the 4 liters/minute flow rate and 2 meter sample probe length.

The NO and NO input levels to the sample probe (Sample

Point 2 in Figure 7) were chosen to be 500ppm and 75ppm res-

pectively. These levels simulate NO concentrations which are

typically encountered in sampling and a 1102 concentration which L
is thought to be representative. CO levels selected were 0,

100, 1000, and 2S00ppm.

The results are presented in Figure 15 for mixtures

without carbon monoxide and in Figure 16 for mixtures with

carbon monoxide. The percent change of NO and NO 2 represent the

percent change in concentration between Sample Points 2 and I"

3 (Figure 71. Since total NOx was conserved in all cases, the

figures demonstrate a direct correspondence between NO and N02

transformations. The temperature shown is the gas temperature

at Sample Points 2 and 3. The results without carbon monoxide

were presented at the First Inter:national Chemical Congress in

the Western Hemisphere in Dec.'m
2
).r, 1975.22 The results with

carbon monoxide were presented at the Western States Section of

3,



the Combustion Institute in April, iS76.
13

.

RESULTS (WITHOUT CARBON MONOMIDE)

The results for silica are presented In Figure 15a. Nc

significant transformation is observed over the temperature

range and the residence tine studied. Slight oxidation of

NO to NO2, proportional to oxygen content, is discernible.

The 304 stainless steel probe (Figure l5b) catalytically

reduces NO 2 to NO at temperptures in excess of 100°C. The

conversion of NO2 to NO at elevated temperatures is consistent

with tihe resulta of a variety of studies in which stainless

steel has been evaiuated for use as the'converter uaterial in

cheeiluminescent nitrogen oxides analyzers. 1-16 At tempertures

below the catalytically active temperature of 200*C, no signifi-

cant change is observed. The oxygen content of the mixture has

an Important impact on the conversion efficiency at the peak

temperature evaluated (400'C).

The results for he 316 stainless-steel, presented in

Figare 13c, indicate tha. a higher temperature (>300"C) is

r. -ulred to initiate the catalytic reduction of NO2 in compar-

inon to 304 stainless steel. At 400%, however, dissociation

is nearly 100% cmplete. The oxygenI content of the mixture has

a modest Impact on the conversion efficiency at the peak temp-

erature evaluated (400%). Slight evrdsnce of oxidation of NH

to NO2 in again discernible at the !-ver teoperatures.
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I
The results for the 321 stainless steel, presented in

Figure 15d, show behavior sinilar to the 316 stainless steel.

The three stainless steels evaluated have similar carban,
Schromium, and nickel content.' 7-19 As shown in TableVI

however, 316 stainless steel has molybdenum added to improve

4 corrosion resistance, and 321 stainless steel has titanium add-

ed to reduce carbide precipitation. In general, stainless steels

have strong resistance to corrorion due to an oxidized layer

on the surface. Reducing atmospheres can remove the oxide

4 film and change the passivity. It is likely that prior

exposure of stainless steel probes to varying sample environ-

ments may alter the degree of NOx transformations. Evidence of

probe history effects have been reported in the literature,

but a full assessment has yet to be made.

RESULTS (WITH CARBON MONOXIDE)

The results for silica are presented in Figure 16a. No

significant transformation is observed at temperatures below

300"C. The slight oxidation of NO to !02 observed without

carbon monoxide is not discernible when carbon monoxide is

present. At 400*C some reduction of NO2 to NO occurs. The

reduction is c ndent on both oxygen content as well as carbon

monoxide IeN..- At the level of carbon monoxide for which the

transformtion is most pronounced (2500ppm 00), the dependency

on ox)gen is the reverse of the dependency at lower carbon

mionoxide levels (100, lO00ppm CO).
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The results for 316 stainless stecl are presented in

Figure 16b (304 and 321 stainless steels were not evaluated).

The presence of carbon monoxide effectively lowers the teu-.

perature at which reduction of NO2 to NO is observed. Signif-

icant reduction is observed at tenperatures in excess of 100OC.

The reduction is more pronounced as carbon monoxide is increased.

Increased oxygen content has the effect of reducing the conver-

sion at a given temperature and a given carbon monoxide level.

DISCUSSION

The results without carbon monoyide are expected and

explainable by the known catalytic performance ^f stainless

steel in reducing NO2 to N0.14-16 The results with carbon

monoxide are new and vill require further testing to fully

assess the controlling mechanism. Nevertheless, tentative

explanations are possible by considering the competition

between the f6llowing two reactions:

CO+ 0 CO2  (9)2.2 2

catalyzed
N02 + CO M NO + C0 2  (10)

Increased CO will advance the reduction of NO2 by reaction (10)

as observed experimentally. Increased 02 will inhibit the

advance of reaction (10) due to the competition between n 2 and

No for the CO. In studies of CO oxidation by NO and 02, oxygen
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is observed to preferentially oxidize CO to C0 2 .222

The silica results with carbon monoxide indicate that

reaction (10) may be active at 400*C. The advance of reaction

(10) as a homogeneous reaction at 400*C is slow relative to

the one second residence time. The dependency upon oxygen

is not explained.

The results of Figure 16b (316 stainless nteel with carbon

monoxide) differ from an earlier investigation b7 Halstead
2

4

in t'sat total oxides of nitrogen ate conserved.in the present

study. The removal of NOx ovserved by Halstead may result from

(1) the reduction of NOx by reducing species other that CO .

(e.g. hydrocarbons) present in the fuel rich flames sampled,

(2) the elevated (Z 800"C) temperatures to which the samples

were temporarily exposed at the probe inilet, (3) the longer

residence time (4 seconds compared to 1 second) or (4) a com-

binatioi.. Further study that addresses additional reducing I
species, higher temperatures (> 400*C), and longer residence

times (> 1 second) will be necessary to fully adsess the difference.

CONCLUSIONS.

a Nitrogen oxides are sampled from combustion sources

for a variety of reasons and over a wide range of

temperatures and gas composition.

* A number of-reactions are potentially active to

transform nitrogen oxides concentration while sampling
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combustion products.

" NOx is conserved in silica and 304; 316, and 321

stainless steel sample probes for the temperature

range 25 to 400*C and a residence time of 1 second.

* In the absence of carbon monoxide, reduction of N02

is observed in 316 and 321 stainless steel at temper-

atures exceeding 300*C. In 304 stainless steel, NO2

reduction is observed at temperatures exceedine 100*C.

* In the presence of carbon monoxide, the reduction of

N02 occurs at temperatures cxceeding 100C in 316

stainless steel.

"" In silica, no significant transformation of nitrogen

oxides is observed in the absence of carbon monoxide.

When carbon monoxide is present*at levels exceeding

1000ppm, reduction of NO2 is observed at temperatures

exceeding 300"C.

" Previous NO., NO and NO2 data collected at moderate

temperatures (25 to 600'C) with stainless steel

sampling lines and at temperatures above 300C with

silica must be used with caution.

" The potential for chemical transformation of nitrogen

oxides concentration while sampling combustion products

at moderate temperatures may be reduced by (1) using only

silica, (2) maintaining the temperature below 300C in

carbon monoxide containing atmospheres, and (3) exercis-
ing appropriate precaution in handling water iu the

;;j sample
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Additional information is needed to assess the extent
of chemical transformation that'occuts under the variety

of sampling conditions experienced in practice, and.

guide the selection of probe and sample line materials

in order to prevent the occurrence of chemical transfor-

nation.

3.5 Publications/Papers Presented

Two publications were submitted during the reporting period

and three papers vere presented. Papers are now-in-preparation

or planned for publication or presentation. The current

status of the publications and presentations of papers is

summarized in Table VII.
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4. DESCRIPTION OF RESEARCH DI.ECTION:

CONTINUATION YEAR

4.1 Model Development and Evaluation j
In the continuation year, the emphasis will be placed

on the evaluation of the predictive methods for the case of

heated (nonreacting) flow and hot (reacting) flow. The sensi- -

tivity study for initial and boundary conditions for the case

of isothermal (nonreacting) flow will be completed as well.

Heated Flow. The heated case is designed to test the coupled

submodels of eddy viscosity, mass transport, and energy transport.

The heated flow case was initiated during the current reporting

period with the design and installation .of a preheat system into

the combustion 2acility.

Hot Flow. The hot flow case will substantially increase the

complexity of the evaluation. The added considerations include

chemistry submodels (including the effects of turbulence on

chemical reaction rates), and radiation submodels. Predicted

profiles of velocity, turbulence kinetic energy, equivalence

ratio, temperature and concentrations of hydrocarbons. oxygen,

carbon monoxide, nitric oxide, nitrogen dioxide, and carbon

dioxide will be compared to experimental results. Comparison

of the predicted distributions to those determined experimentally

will be used to identify deficiencies in the models of turbulence

and kinetics for the condition of reacting flow.

The hot flow case was initiated during the past year by

• 1



(1) generatinp first solutions for the hot flow case (Figures 12

and 13), (2) generating hot flow xpc•r=ental data for methane/air,

and (3) preparing and stibmitting a proposal to the National

Science Foundation for support to complement the hot flow

evaluation studies.

4.2 Mechanisms of Pollutant /Plume Farnation

The experimental studies designed to specifically explore

the mechanism of pollutant and plume formation will commense

in the summer of 1976. The experiment will be msed. alone and

in combination with numerical results in the next twelve month

¶ period to explore pollutants and plume formation. Parametric

studies will be conducted to establish the relative effect of

the transport ar
4 

?hemical processes (chemical kinetics, mass

and heat diffusion, and fluid mechanics)'and system parameters

(jet and main stream flow rates, composition, temperature, size

and shape of the recirculation zone) on pollutant formation.

4.3 Supplemental Studies

Under supplemental studies, the explcration of the lean

stabilized combustion performance of the OJC will be initiated and

completed, the air prehea.t studiei.wilf continue, a nonpremixed

combustor configuration will be designed and tested to complement

the premixed OJC geometry, swirl will be added, the NO probe

study will be expanded to explore a variety of hydrogen containing

species and probe history, and studies will be initiated that

address particulate formation and luminosity, especially in

relation to the on-going alternative fuel studies at AFAPL. The

supplemental studies have been added to specifically address

current needs of the Air Force.
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5. SUMMARY

The UCI investigation of exhaust pollutant and plume forma-

tion In continuous combustion is a combined analytical and

experimental study of turbulent, backmized combustion. Predicted

profiles of the flow properties are being systematically compayed

to expcrimentally determined profiles. Model development and

evaluation, and studies of the mechanisms of pollutant and plume

formation are being conducted for premixed methane/air and propan4/

air reactants.

Future work will include nonpremixed combustion and a

liquid fuel system.

5.1 Model Development and Evaluation

Nonreacting. The Isothermal evaluation of the PISTEP II

and TEACH numerical codes has addressed the effective viscosity

and mass transport subnodels. Still to be completed is a thorough

investigation of initial and boundary conditions.

SThe heated flow evaluation has been initiated by the design o

and installation of preheat capability. The evaluation will

conclude during the contipuation year.

In cooperation with the EPA, the CRISTY numerical code is

being run as time permits in parallel with the PISTEP II and

TEACH numerical codes. The interaction is proving useful to both

parties (UCI/AFOSR and EPA), and comparat! *e results will likely

bessyailable- for presentation in the continuation year.

Reacting. Not flow solutions have been obtained with TEACH
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and the numerical codes (TEAC11 and PISTEP II) are currently

being expanded to include propane kinetics.- Initial experimental

data have been obtained in preparation for the coupled numerical/

experimental evaluation in the continuation year.

5.2 Mechanisms of Pollutant/Plume Formation

The experimental facility is undergoing final modification

(inclusion of preheat capability) prior to initiating the scheduled

exploration of the mechanisms responsible for pollutant and

plume formation in continuous combustion. To ijtproye the signal

aquisition of the LDV System, the addition of a counter mode

to complement the exisLing frequency tracking mode is under

investigation. The sampling performance of the combustion test

facility is being improved as a result of the supplementary,

NO probe studies.

5.3 Supplementary Studies

The NO probe study has shown significant reduction of

4 nitrogen dioxide (NO2 ) to nitric oxide (NO) can occur in sample

probes and sample lines, especially in the presence of carbon

monoxide (CO) at modest temperatures in stainless steel. The

effects of probe history And redueing species in addition to CO

will be evaluated in the continuation year. In addition, lean

combustion emission, air preheat, non-premixed, swirl, and

particulate/lumiposity studies will be inftiated.

4 4
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TA LZ I

Elliptic Flov Codes

I PRIMCIPAL
CODE VARIABLES ORICINATOR IEFEEERCE -,

PISTEPII w - • Imperial College 3,25
London

TEACH p - v Imperial College 26
London

I-CRISTY* f - u United Tecenology 27.28

Resebrch Center""eConectitut

a Earlier verions called rXEP and CFREP



R.ogr: O-lO0pp. 0-'O0 p.~. 0-
2
5OOpp.

0-12. 0-10Z .

Carbon Dioxide Analyzer (Se*..oo 3152t NDIP)
a~gc 0 -2 0-5Z. 0-15? C02

Oo hi fNtrogen Analyccc (S eott 125 Che.11ooto-oncec)
l cgo 0- 1, 0-5S. 0-10. 0_-50. 0- 10 0. 0-500. 0-1000 ,

0-5000. 0-10OO0CP. NO0-NO.

Oxyg.en Analyzer (Scott 150 par4o.atnetc)
Is, e: 0-1?. 0-5. 0-102. 0-25Z 0 2

uIIT2opoc*%urc Tot'al Hydrocarbon Analy~zer (Scott 215FID)
&a ýc: 0_l. 0_5. 0_10. 0_50,._0-10. 0_50C. 0_1000.

0-~000. 0-10000. 0-50000. O-IOOOOopto tIC

Al lstrvso,.t opetlftcatloon% indicate an accuracy of IX2

ru., ... F7

______ Z



TABLE IV

Predictive 4ethods

Isprovenents/Modificstlons During Reporting Period

following is a description of tasks which required either

j sodif!catlon of existing iethcJs or new developments

TFACH
1. Isotherosl flow - subvodeZs for roorntu= and saes

traneport te#sed against expci'ent. Iaproved boundary
conditions rsqunied.

2. Hot flow - solution obtained for xcthrne oxidation
inc!uding formation of nicric oxide.

FISTEP II

1. Isothermal flow - tests o0 subnodels for momentum and
zeae tranaport agaiaet experinent initiatcd. Evidence
of boundary condition modification observed.

3 CRISTY

1. Isothe:.mal flow - successfully modified for tCr OJC
geometry in cooperation with the EPA. ?ecta against
experivent initiated.

Following Is a description of remaining problcms snd plans

for their resolution.

•a TEACH, PLSTEP !I. CRISTY

"go problemseare rcurant excludin; the chronic demand
of nwxeric*Z work for additional resources. The
deselopnent and evaluation of the numerical codes are
modestly behind schedule, but the preent rate of progress
and euccess in seccurin additional resources will return
the development and eoa!ZL4ion to the planned rehedulc.



TABLE V

Combustor Ttat Facility

laproveneats/lodiflctions Durint kepurting Period

Following is a description of tcaks which required either

modification of existing equipment or new work to be perf6r.ed.

2. Inlet air flov preheat - to core effectivej simulate gas
turbire conbustion and explore the effect of air preheat
on nuuorical model developnert and evaluation and pollutart/
pZune foroation, air preheat capability uac added. inZet
temperatures to 600*C (1222'F) are now available.

2. Exhaust beat load - an air dilution systen and Later cooled
heat exchanger coil were installed to allow higher combuetor
loadings to be acocodated vithout thernally taxing the
building exhaust systen.

3. Sample probe - a 1/8-inch O.D. sarple probe wat designed,
built, tested, and used for composition neasuremcnts.
The 2/8-ielc size reduced the ixpact on the flovfield of
the previous, i/4-inch probe.

4. Emission Console overhaul - the ¢xiesson console asa
thoroughly inspected and serviced prior to the generation
of the data baze runs. -lZ tubing was disconnected,
cleaned, and reassenbled.

5. Data Acquisition System - the DEC PDP-lI data acquisition
aystct was installed and succeesfully interfaced with the

coxbustor facility instrumentation. All necessary eoftware
has been developed, checked and is currently in operation.

Following it a description of resainisp probleas and plans

for their resolution.

1. Combustor Size - the Slan (2-inch) 2.D. combustor size
has proven adequate for the studies conducted but not
opticum for the recolution desired for property profile
xeasurcoents. A 76= (3-inoh) combustor section has been
designed and is currently being fabricated.'- The flexibility
of changing conbustor size vill prove useftil in evaluating
boundary condition impact on the nunerical codes.

2. Sample probe design - etudiea conducted to explore chenical
tronoforcution of nitrogen oxides in probes and lines
haoe shown that stainless steel Pill catalytically reduce
NO to 0 in the preetace of CO at tcnperatures in excess
of-lOOC. A silica, vater coated snmpZlin probe is
equipped with acrod-unamic quench, is currently being
designed..

3. Swirl - syirZ 'e an integral factor in pronoting pZune
stcbilization in practical, contin-ous conbustion devicc,.
The nunerical sethode oust be tested for tha case of swirl
as Well as non-evirl if succcesful imulation* of practical
devices are to be achieved. swirl vanes are currently
being designed.

4. LDV System - the Perfornance of the frequency tracker
deterilrates to ucaeceptobte levels in the highly
turbulent region of jet penetration. Seeding techniques

for the jet end ezpa"cion of the signal acquisition sosten
to i ,ehd s the c ountc r -ode ar.- being explor ed.
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